In a previous publication, we were able to show
Introduction
The liver is a highly radiosensitive organ because of the danger of development of radiation-induced liver disease (RILD). However, the pathophysiological mechanisms of hepatocellular cell death after liver irradiation in vivo are widely unknown. Moreover, isolated primary hepatocytes in vitro are known to be radioresistant [1] [2] [3] [23] [24] [25] [26] . In previous studies, we demonstrated that conditioned medium of irradiated KupVer cells, the liver resident macrophages, leads to apoptotic cell death of irradiated hepatocytes, which results mainly from increased TNF-in the medium [12] . The aim of the present study was to elucidate the mechanisms underlying the increased TNF--release of KupVer cells after irradiation.
In a preliminary work, a rat-speciWc cDNA gene expression array showed that the expression of heat shock protein 27 (Hsp27) was downregulated and the pro-apoptotic member of the bcl-family, bax, was upregulated after irradiation of KupVer cells. No other Hsps like Hsp90 or Hsp60, nor other members of the apoptosis regulating bcl system (bcl-2, bid) or other apoptosis-relevant proteins like p53, p21 WAF1 , NF B or I B were found to exhibit altered expression after irradiation in KupVer cells.
The Hsp27 belongs to the family of small stress proteins that are constitutively abundant and ubiquitously present. Hsp27 was shown to regulate apoptosis through its ability to interact with key components of the apoptosis-signalling pathways (reviewed in [15] ), particularly those involved in caspase activation. Changes in the intracellular redox balance and production of reactive oxygen species initiate the apoptotic cascade through changes in the mitochondria and release of pro-apoptotic factors. Hsp27 can maintain both the redox homeostasis and mitochondrial stability in the cell. Increased expression of Hsp27 during stress response correlates with better survival from cytotoxic stress. It negatively regulates the activation of procaspase 9 by sequestering cytosolic cytochrome c from Apaf-1, after its release from mitochondria and thus, prevents assembly of the apoptosome [9, 14] . Hsp27 was shown to block the release of cytochrome c from mitochondria in cells exposed to staurosporine, etoposide or cytochalasin D [35] . It also mediates inhibition of procaspase 3 activation, most likely through its ability to prevent initiator caspases like caspase 9 from gaining access to the residues whose cleavage is essential for procaspase 3 activation [34] . In addition, Hsp27 maintains the actin network integrity and hence, prevents translocation of pro-apoptotic factors like activated Bid (tBid) onto the mitochondrial membrane [35] . Hsp27 is reported to block DAXX-mediated apoptosis by preventing its translocation to the membrane and thus, inhibit its interaction with Fas and ASK-1 [10] . Rane et al. have suggested that Hsp27 regulates apoptosis of neutrophils through interaction with Akt (Protein Kinase B): Hsp27 is phosphorylated by Akt, which results in dissociation of Hsp27 and stabilization of Akt. Disruption of interaction between Akt and Hsp27 impairs Akt activation, which leads to enhanced constitutive apoptosis of neutrophils [37] . The only known pro-apoptotic role of Hsp27 so far is that it enhances TNFinduced apoptosis by inhibiting I B degradation and thereby, prevents NF B mediated cell survival [27] . Our data on KupVer cells suggest a further action: Irradiation leads to downregulation of Hsp27 and to an upregulation of the proapoptotic bax leading to apoptosis and release of TNF-.
Materials and Methods

Animals
Male Wistar rats (200-260 g) were kept on a 12-h day/ night rhythm (light from 07:00-19:00 hours) with free access to water and food. Rats were anesthetized with pentobarbital (60 mg kg ¡1 body weight) before preparation of KupVer cells between 08:00 and 09:00 hours. The study protocols were approved by a government review board. All animals received care in compliance with institutional guidelines, the German Convention for Protection of Animals and the National Institutes of Health guidelines.
Cell culture
KupVer cells were isolated according to the method of De Leeuw [17] with modiWcations as described previously [28, 33] . Liver macrophages were plated using 200,000 cells per ml of culture medium [M-199 (Biochrom) supplemented with 10% FCS (PAA)]. Purity of the cell isolation was determined by ED1/ED2 staining. The medium was replaced 24 h after isolation directly before irradiation.
Irradiation
KupVer cells, on the Wrst day after isolation were irradiated with 6 MV photons at a dose rate of 2.4 Gy min ¡1 using a Varian Clinac 600 C accelerator (Varian, Palo Alto, CA, USA). Single doses of 2 or 8 Gy were applied. For shamirradiation, KupVer cells were kept exactly the same time outside the incubator and in the same room as done for irradiation with 2 or 8 Gy.
Flow cytometric and Xuorescence microscopic quantiWcation of living, apoptotic and necrotic KupVer cells cDNA probe A PCR-generated cDNA directed against rat TNF-mapping positions 140-509 of the published sequence was used [19] . Northern blot results were normalized with respect to an oligonucleotide probe speciWc for chicken -actin cDNA that exhibits cross-reactivity to -and -actin, which was a gift from Schwartz [38] .
Northern blot analysis of total RNA After collection of the KupVer cells (attached to the culture plate and cells in the supernatant), total RNA was isolated according to Chirgwin [11] and was separated by agarose gel electrophoresis, transferred onto nylon membranes and hybridized with speciWc 32 P dCTP or 32 P dATP labelled cDNA probes as described [33] . cDNA probes were labelled by Random priming ® (Stratagene, Heidelberg, Germany). Hybridization was carried out over 2 h at 68°C using the Quick Hyb ® solution (Stratagene, Heidelberg, Germany). Post-hybridization washes were performed twice for 15 min at room temperature and twice for 5-15 min at 50°C in 2£ SSC containing 0.1 % sodium dodecyl sulfate (SDS).
Nylon Wlters were exposed to X-ray Wlms at ¡80° and Wnally densitometric scans were performed.
Analysis of cDNA microarray
For comparing the gene expression proWles between the sham-irradiated and irradiated KupVer cells in preliminary work rat speciWc Atlas cDNA arrays (Atlas Rat 1.2 Array, BD Biosciences Clontech, Palo Alto, CA, USA) were used according to the manufacturer's instructions.
Western blot analysis
Cells at diVerent times after irradiation were lysed in hot Laemmli buVer (95°C) and processed by SDS-polyacrylamide gel electrophoresis under reducing conditions according to Laemmli [29] . The protein content of cellular lysates was calculated by the Coomassie Protein Assay (Pierce, Rockfort, IL, USA). Proteins were transferred onto Hybond-ECL nitrocellulose hybridization transfer membranes (GE Healthcare, Freiburg, Germany) according to Towbin et al. [43] . Immunodetection was performed according to the ECL Western blotting protocol. Antibodies against bax (Cat. No. PC66) or Hsp27 (Cat. No. CA1025) (Calbiochem, Frankfurt, Germany) were used at 2.5 g ml ¡1 solutions, and peroxidase-labelled anti-mouse (Cat. No. DC022L) and anti-rabbit immunoglobulins (Cat. No. DC03L) (Calbiochem, Frankfurt, Germany) were each used at a 1/1000 dilution. Equal loading was assessed using antibodies against -actin (Cat. No. 1978) (Sigma, Deisenhofen, Germany) at a 1/5000 dilution. Densitometric evaluation of the blots was performed using the program Scion Image Ver. Beta 2 (NIH).
TNF-ELISA
For detection of cell-associated TNF-in KupVer cells by ELISA, we used Quantikine ELISA kits by R&D systems. After aspiration of culture medium, plates were washed twice. The KupVer cells were then disrupted using a lysis buVer, and material was scraped with a rubber policeman. The lysis buVer consisted of 50 mM Tris, 150 mM NaCl, and 1% Nonidet P-40, pH 7.4. Lysed cellular material was centrifuged at 10,000g for 15 min and the supernatant was assayed for TNF-. Each cell-associated TNF-sample (cell lysates of sham-irradiated or 8 Gy irradiated KupVer cells 0, 3, 6, 9, 12 and 24 h after irradiation) was derived from three wells (1 ml).
Overexpression of Hsp27
At day 1 of culture, KupVer cells were transfected with pCMV Hsp27 (Clontech, Palo Alto, CA, USA). Transfection was performed using the Fugene 6 kit of Roche (Indianapolis, IN, USA). In all cases, 3 l of Fugene 6 and 2 g of plasmid vector were used per well. For control transfections, the pCMV expression vector containing the coding sequence of green Xuorescent protein was used. The eYciency of the transfections was 60-70%. After transfection, cells were sham-irradiated. The eVect of Hsp27 expression was conWrmed by Western blot analysis. By use of TUNEL as well as Annexin V-FITC/propidium iodide FACS analysis, no signiWcant inXuence of the transfection agent [Fugene (Boehringer, Mannheim, Germany)] and transfection with the control plasmid on apoptosis of rat KupVer cells could be shown. Subsequently, KupVer cells were irradiated. Occurrence of apoptosis was measured using the TUNEL-method, while TNF concentration in the supernatants was measured by ELISA and inXuence on bax expression was assessed by Western blot analysis. All experiments were repeated at least seven times, and consistent results were obtained in all cases.
Caspase 8, caspase 3, and caspase 9 activity For detection of active caspase 8, caspase 3, or caspase 9, we used the Active Caspase Set (Pharmingen, Germany). Cell lysates of 5 £ 10 6 cells were applied and active caspases were detected according to the manufacturer's protocol. To evaluate substrate speciWcity, caspase 3, caspase 8, and caspase 9 inhibitors (Oncogene, MA, USA) were used according to the manufacturer's protocol.
Statistical analysis
Results are expressed as mean § SD. After assessing normal distribution of the data, signiWcance in diVerences was tested by ANOVA, followed by Bonferroni's post hoc test and P < 0.05 was considered to be statistically signiWcant.
Results
EVect of irradiation on cell viability
Single-dose administration of 8 Gy leads to a substantial decrease of living cells, beginning 4 h after irradiation and even more enhanced at 48 h (Fig. 1a) . In contrast, a single dose of 2 Gy did not lead to statistically signiWcant alteration of the portion of living cells when compared to shamirradiated KupVer cells within a time window of 48 h.
In addition, single-dose irradiation at 8 Gy led to an increase of apoptotic cells from 4.3 § 1.2% up to 60.7 § 2.7% within 48 h. Sham-irradiated cultures showed only an increase from 4.1 § 1.3% to 13 § 2.6% (Fig. 1b) . As early as 4 h after irradiation, apoptosis increase was statistically signiWcant when using the Annexin V/PImethod, whereas statistically signiWcant diVerences in apoptosis rates using the TUNEL-method could Wrst be observed 6 h after irradiation (Fig. 1c) . It is noteworthy that the portion of necrotic cells (Annexin V and propidiumiodide positive cells) was always less than 3%.
EVect of irradiation on TNF-expression in KupVer cells
To test the inXuence of irradiation on TNF-gene expression, we Wrst performed Northern-blot analysis using RNA from total KupVer cell cultures (attached and detached cells) We found TNF-gene expression to remain unchanged at time points 4, 12, 24, and 48 h after irradiation (Fig. 2a) .
To determine cell-associated TNF-protein levels, after thorough removal of the supernatants and washing of the cultures, KupVer cells were harvested and cell-associated TNF-was assessed using ELISA. Whereas TNF-concentration decreased only slightly in sham-irradiated cultures from 84 § 9 pg ml ¡1 to 70 § 10 pg ml ¡1 , a timedependent decrease to 37.8 § 6 pg ml ¡1 was observed within 48 h in KupVer cell cultures irradiated at 8 Gy (Fig. 2b) . However, when the TNF-concentration in KupVer cells was normalized with respect to cell number, the TNF-concentration per cell remained constant, regardless of whether the cells were irradiated or not (Fig. 2c) . These data strongly suggest that the increase of TNF-measured in supernatants of irradiated KupVer cell cultures may be due to a release of TNF-presumably during apoptosis.
EVect of irradiation on expression of bax and Hsp27 in KupVer cells
In order to elucidate the mechanism leading to apoptosis and TNF-release of KupVer cells after irradiation, in preliminary experiments we used a rat-speciWc cDNA gene expression array to analyse genes related to cellular stress. Herein, as mentioned in Sect. "Introduction", increase of bax and decrease of Hsp27 were observed. This observation was conWrmed by Western blot analysis on protein level (Fig. 3a) . As early as 4 h after irradiation, increase of bax expression and decrease of Hsp27 expression were seen. This eVect was even stronger 48 h after irradiation. In sham-irradiated cultures, no change in either bax or Hsp27-expression could be observed (Fig. 3a) .
In the next step, we wanted to know whether in KupVer cells' expression of the proapoptotic bax depends on expression of Hsp27 or is regulated independently. For this purpose, we overexpressed Hsp27 in KupVer cells. Interestingly, after overexpression of Hsp27 and irradiation, bax (Fig. 3b) .
EVect of overexpressing Hsp27 on radiation-induced apoptosis of KupVer cells and content of TNF-
To gain evidence whether Hsp27 is capable to inhibit radiation-induced apoptosis in KupVer cells, we overexpressed Hsp27 in KupVer cells and irradiated the cells with 8 Gy.
Transfection with a control vector did not alter cellular survival (Fig. 4a) or apoptosis rates of sham-irradiated cultures when compared to non-transfected cells (Fig. 4b) . Transfection with the expression vector had very little eVect on (Fig. 4b) . However, after irradiation overexpression of Hsp27 substantially increased cellular survival (Fig. 4a) and reduced radiation-induced increase of apoptosis to apoptosis levels observed in sham-irradiated cells (Fig. 4b) . It is noteworthy, that overexpression of Hsp27 also completely reversed the TNF--content in the cultures to levels measured after sham-irradiation [87 § 8 pg ml ¡1 (48 h)] (Fig. 5) . When cell-associated TNF-content was normalized with respect to the number of living cells, however, constant values were observed (data not shown). These data strongly suggest that radiation-induced apoptosis of KupVer cells is implemented by downregulation of Hsp27, and overexpression of Hsp27 can prevent KupVer cells from radiation-induced apoptosis. Moreover, apoptosis of the KupVer cells seems to be necessary for the observed TNF-release.
EVect of overexpressing Hsp27 and irradiation on activity of caspase 8, 9, and 3 in KupVer cells
To further support the hypothesis that during radiationinduced apoptosis of KupVer cells Hsp27 is involved in the regulation of the mitochondrial pathway of apoptosis, we evaluated the activities of caspase 8, caspase 9, and caspase 3. Neither irradiation nor overexpression of Hsp27 led to a changes in the activity of caspase 8, indicating that apoptosis of KupVer cells after irradiation is not mediated by a pathway that includes activation of a death receptor (Fig. 6a) . On the other hand, irradiation led to a timedependent increase of caspase 9 activity, thus demonstrating that the mitochondrial apoptosis pathway may be activated. This increase of caspase 9 activity could fully be blocked by overexpressing Hsp27 in KupVer cells (Fig. 6b) . Very similar observations were made with regard to caspase 3 activity (Fig. 6c) .
Discussion
The aim of the present study was to elucidate the mechanism leading to increased release of TNF-of KupVer cells after irradiation, after we had demonstrated in a previous study that the supernatant of irradiated KupVer cells leads to sensitization of hepatocytes with regard to radiationinduced apoptosis [12] . Zhang et al. showed radiationinduced TNF-production by macrophages in human lung. Interestingly, the lung macrophages themselves did not undergo apoptosis [46] . In contrast, in mouse peritoneal macrophages irradiation led to induction of apoptosis through the mitochondrial pathway [22] . In a convincing study Tasat et al. demonstrated that radiosensitivity of macrophages might increase with age. Whereas young macrophages were radioresistant, aged macrophages showed a decrease of viability after irradiation [40] . In our hands, the liver resident macrophages, the KupVer cells, exhibit enhanced apoptosis after irradiation. Since KupVer cells, as well as peritoneal macrophages, stay a long time in their compartment, sensitivity to radiation-induced apoptosis may be due to their aged status.
With regard to radiation-induced TNF-expression in our study, we found that transcription levels did not increase in comparison to sham-irradiated cultures (0 h). On the protein level, TNF-was found to be signiWcantly increased in the culture medium, but appeared decreased in the cells themselves. However, when TNF-content of the KupVer cells was normalized to the actual number of cells present in the cultures, it was revealed that in the living cells TNF-content did not change. This suggests that the release of TNF-after irradiation may be due to apoptosis.
After irradiation, diVerent mechanisms leading to apoptosis have been described for diVerent cell types [4, 39] . It has also been shown that some cell types are more sensitive than others, which seems to depend on the mechanism of apoptosis induction [4, 39] . For radiation-induced apoptosis, the nucleus, the plasma membrane, and/or elements of the cytosol seem to be of special importance [4, 39] . For apoptosis-induction on DNA-level in the cell nuclei the ᭣ transcription factor p53 plays a central role [8] . In particular, p53 negative mutants were shown to be highly radioresistant [13, 31] . In the case of KupVer cells, we could not detect any change of p53-gene expression due to irradiation (data not shown).
Other data demonstrated a caspase 8 dependent apoptosis pathway after irradiation. This suggests that a receptormediated pathway may be essential for radiation-induced apoptosis [42] . However, subsequent studies demonstrated that blockage of the CD95-receptor or application of FLIP did not inhibit radiation-induced apoptosis [5, 6] . In our KupVer cell cultures, however, no activation of caspase 8 could be observed after irradiation.
At the level of the plasma membrane, ionizing radiation can cause the formation of free radicals and damage of the lipid layer of the plasma membrane. Herein, the occurrence of ceramides seem to be of special importance [44] . Ceramides may lead to integration of bax into the outer membrane leaXet of the mitochondria, with consecutive release of cytochrome c and caspase 9 activation [30] . Indeed, in KupVer cells, an involvement of bax in apoptosis induction could be suggested since there is an increase of bax expression due to irradiation and an increase of caspase 9 and caspase 3 activities, which could be blocked by downregulation of bax (resulting from an upregulation of Hsp27).
The Hsp27 has been shown to be a molecular inhibitor of apoptosis [7, 45] . It inhibits apoptosis in pathways including reactive oxygen species (ROS) indirectly by increasing cellular glutathione levels [32] and directly by neutralization of oxidized proteins [36] . Hsp27 was also shown to interact with cytochrome c, thereby preventing the formation of the apoptosome and activation of caspase 9 [15, 21] . Above that it also can inhibit activation of caspase 3 by interaction with procaspase 3 [14] and is capable to inhibit a caspase 8 triggered activation of bid, thus leading to inhibition of the mitochondrial apoptosis pathway [35] . Fortin et al., however, demonstrated that overexpressing Hsp27 leads to thermo-and chemoresistance, but not to radioresistance of diVerent carcinoma cell lines [20] . On the other hand, other groups demonstrated that the radioresistant DU 145 cells (human prostate carcinoma) show very high levels of Hsp27 [16, 18] and Hsp27-antisense-oligonucleotides could signiWcantly increase radiation sensitivity [41] . Although these data support our data on KupVer cells, we suggest an additional action of Hsp27. After irradiation, Hsp27 is downregulated and bax expression is upregulated with an increase of caspase 9 and caspase 3 activities.
After overexpressing Hsp27 in KupVer cells, bax protein expression was drastically downregulated as observed by Western blot analysis. Furthermore, in these cells irradiation did not only lead to non reappearance of bax, but also to a complete inhibition of radiation-induced apoptosis and an inhibition of the increases of caspase 9 and caspase 3 activities. In addition, the release of TNF-into the culture medium is also reduced to the level seen after sham-irradiation.
We conclude that the presented data indicate a crucial role of Hsp27 in the susceptibility of KupVer cells to radiation-induced apoptosis. They strongly suggest that TNF--release of KupVer cells after irradiation may be due to cell death rather than active release or synthesis. Any agents that may lead to upregulation of Hsp27 in KupVer cells could inhibit radiation-induced apoptosis of hepatocytes in vivo.
